ABSTRACT In Neurospora crassa three inducible enzymes are necessary to catabolize quinic acid to protocatechuic acid. The three genes encoding these enzymes are tightly linked on chromosome VII near methionine-7 (me-7). This qa cluster includes a fourth gene, qa-1, which encodes a regulatory protein apparently exerting positive control over transcription of the other three qa genes. However, an alternative hypothesis is that the qa-I protein simply activates preformed polypeptides derived from the three structural genes. The use of density labeling with D20 demonstrated conclusively that the qa enzymes are synthesized de novo only during induction on quinic acid. Native catabolic dehydroquinase (5-dehydroquinate dehydratase; 5-dehydroquinate hydro-lyase, EC 4.2.1.10) (a homopolymer of ca 22 identical subunits) has a density of 1.2790 g/cm3 as determined by centrifugation in a modified cesium chloride density gradient. Growth in H20 followed by induction in 95% D2O shifts the density of the enzyme to 1.3130 g/cm3, indicating de novo synthesis during induction. In the reciprocal experiment, i.e., growth in 80% D20 followed by induction in either 95% D20 or H20, the densities of catabolic dehydroquinase were 1.3135 and 1.2800 g/cm3, respectively. Because growth on D20 does not affect the density of the H20-induced enzyme, there can be no significant synthesis of catabolic dehydroquinase prior to induction. Similar results were obtained for a second qa enzyme, quinate dehydrogenase (quinate:NAD+ oxidoreductase, EC 1.1.1.24). Thus, induction of two qa enzymes involves de nQvo protein synthesis, not enzyme activation or assembly. In Neurospora crassa, the catabolism of quinic acid to acetate for use as a carbon source has been amply studied (1-3). Recent interest has centered on the initial three inducible catabolic enzymes necessary to convert quinic acid to protocatechuic acid (4-13). These enzymes are not physically associated with one another, yet the three genes encoding them are tightly linked on chromosome VII near me-7. In Giles, unpublished). This qa gene cluster also includes a fourth gene, qa-1, which apparently regulates the transcription of the three other genes in the cluster.
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There is strong genetic evidence that the qa-1 gene encodes a regulatory protein which, in the presence of quinic acid, exerts positive control over the synthesis of the enzymes encoded in the three adjacent structural genes (6, 10) . The appearance of enzyme activity is very specifically regulated. In the presence of a preferred carbon source, e.g., sucrose, the activities of all three enzymes are quite low. Quinate as a sole carbon source causes a coordinate induction of all three enzymes (9) . This increase in enzyme activity can be inhibited by the simultaneous addition of cycloheximide to the medium (ref. 5; J. A.
Hautala, unpublished data; this paper). This effect strongly suggests that all three enzymes are being synthesized de novo during induction. An alternate explanation, which as yet has never been conclusively eliminated, is that induction involves de novo synthesis of an "activator" protein, presumably encoded in the qa-l gene. This hypothesis states that the qa-2, qa-3, and qa-4 polypeptides are synthesized constitutively and that during induction the newly synthesized qa-1 gene product serves to "activate" these polypeptides. The data reported herein demonstrate conclusively, using density labeling, that at least two of the qa enzymes are synthesized de novo during induction. This conclusion strongly supports the hypothesis that the qa-1 locus encodes a regulatory protein that acts in a positive fashion to initiate the synthesis of the qa enzymes, and eliminates the possibility that induction involves enzyme activation rather than enzyme synthesis.
MATERIALS AND METHODS
Strains and Growth Conditions. Neurospora crassa qa-4 (strain M-18) and qa-3 (strain M-16) mutants, both derived from wild-type strain 74-OR-23-LA (8) , were used in this work. Mycelial cultures were grown from conidial inocula in 2000-ml Erlenmeyer flasks containing 500 ml of Vogel's minimal salts (13) and 2.0% sucrose (growth medium). The cultures were agitated on a rotary shaker at 300 rpm for 18 hr at 300. For induction, the cultures were transferred, after exhaustive washing with sterile H20, to 2000-ml Erlenmeyer flasks containing 500 ml of Vogel's minimal salts, 1% (vol/vol) glycerol, and 0.3% quinic acid (induction medium). The flasks were returned to the shaker and agitated for an additional 6 hr. At this time the pads were harvested, frozen at -70°, and lyophilized. Slight modifications were made for growth and induction in the presence of D20. For growth of conidia to the mycelial stage, 400 ml of D20 were substituted for 400 ml of H20 in the growth medium to give a final concentration of 80% D20. Because the presence of D20 causes slower growth, the flasks were allowed to shake for 24 hr at 300. For induction in D20, both H20-grown and D20-grown mycelia were first washed with sterile H20 and then placed in 500-ml Erlenmeyer flasks * J. L. Barea and N. H. Giles, unpublished data.
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Enzyme Assays. The assays employed for catabolic dehydroquinase, quinate dehydrogenase, and dehydroshikimate dehydrase have been reported previously (14) . (11) . Both enzymes were then subjected to ammonium sulfate fractionation, with the 40-50% fraction being retained for the dehydrogenase and the 0-40% fraction for the dehydrase. For all three enzymes the ammonium sulfate precipitates were resuspended in 3.5 ml of their respective extraction buffers and then dialyzed overnight against 100 volumes of the same buffer to remove all traces of ammonium sulfate. Any precipitated protein was removed by centrifugation at 20,000 X g for 10 min.
Inhibition with Cycloheximide. Nine 2000-ml Erlenmeyer flasks containing 500 ml of growth medium were inoculated with conidia from strain M-16 and allowed to grow for 18 hr at 300. The mycelia from all the flasks were collected by filtration and placed in a 6000-ml Erlenmeyer flask containing 2000 ml of sterile water and stirred for 1 hr to exhaust all available carbon sources. The mycelia were again collected by filtration and the pad was cut into nine pieces (each about 10 g, wet weight). One piece was immediately frozen for the zero time control. The remaining eight mycelial samples were induced by shaking at 300 in eight 2000-ml Erlenmeyer flasks containing 500 ml of the induction medium. Two of these flasks contained 5.0 mg of cycloheximide (10 ,ug/ml), and 5.0 mg of cycloheximide was added to a third flask after 3 hr of growth. The mycelia were harvested from the flasks at various times (see Fig. 1 ) and frozen at -700.
Isopycnic Centrifugation. The procedure of Chrispeels and Varner (15) (15) (16) (17) . An initial experiment with pure catabolic dehydroquinase using the method of Chrispeels and Varner (15) revealed that the native enzyme had a density of 1.2790 g/cm3. The effect of induction in D20 on the density of catabolic dehydroquinase was determined by growing a mycelial culture in H20 and then inducing one half in H20 and the other half in D20. The enzyme was then extracted and centrifuged with the results shown in Fig. 2A . The catabolic dehydroquinase induced in H20 had the same density as the pure enzyme, but the enzyme induced in D20 had a density of 1.3130 g/cm3, a 2.67% increase. This increase is over half the maximum possible increase of 0.06 g/cm3 using D20, as calculated by Hu et (0) . The buoyant density of CsCl (A), in g/cm3, increasing from right to left, was used as the common reference in all tubes. In B, mycelia were grown in 80% D20 and then induced in either H20 (0) or 95% D20 (0).
The multimeric structure of catabolic dehydroquinase (11) was confirmed by another density gradient. The heavy and light fractions of the enzyme as shown in Fig. 2A were combined, dialyzed first against 0.1 M glycine/HC1 buffer, pH 3.0, which causes a reversible dissociation of the enzyme into its subunits (11), then dialyzed against buffer A and again centrifuged in CsCl. A single symmetrical peak of activity was found, which had a density (1.2900 g/cm3) intermediate between the initial heavy and light species. Because the enzyme is multimeric, the D20-induced sample (density 1.3130 g/cm3) could be due to newly synthesized heavy subunits mixed with constitutively synthesized light subunits. To rule this out, mycelia were grown in 80% D20 and then induced in either H20 or D20. The results are shown in Fig. 2B . Growth in D20 did not affect the density of either the H20-or D20-induced enzyme, which strongly suggests that little or no synthesis of subunits occurs in the absence of quinic acid. The small possibility that during exponential growth the mycelia were preferentially using the 20% H20 and thus synthesized no heavily labeled protein was also eliminated. The constitutively synthesized arom multienzyme aggregate (18) was isolated from 18-hr cultures grown in 100% H20 and in 80% D20 plus 20% H20. The density was found to increase from 1.2720 to 1.3180 o./ 12. g/cm3 , which demonstrates that D20 is utilized during exponential growth. Induction of Quinate Dehydrogenase in D20. The effect of induction in D20 on the density of a second qa enzyme, quinate dehydrogenase, was also investigated. Quinate dehydrogenase shows coordinate induction with catabolic dehydroquinase (9) and has recently been purified to homogeneity.* The enzyme's molecular weight is ca 41,000 and it appears to be a monomer. Previous evidence has shown that the smaller the protein, the broader the peak after isopycnic centrifugation (16) . Fig. 3 indicates the peaks of quinate dehydrogenase after growth in D20 followed by induction in H20 or D20. Because the peaks are quite broad the peak centers were measured by plotting on Gaussian paper (19) (Fig. 4A) , which gives weight to points throughout the distribution, rather than merely in the immediate vicinity of the center. The density of the D20-induced enzyme was 1,3350 g/cm3, a 2.0% increase over the H20-induced enzyme (1.3090 g/cm3). Fig. 4B shows the Gaussian plot of H20-grown mycelia followed by induction in either H20 or D20. The band centers were again well separated, and the densities were 1.2990 and 1.3270 g/cm3, respectively. Because Fig. 3 are plotted on Gaussian paper. The true center of the peaks is the intersection at 100%. In A, mycelia grown in 80% D20 were subsequently induced in either H20 (0) or D20 (X). In B, H20-grown mycelia were induced in either H20 (0) or D20 (x). the qa enzymes during induction failed because of large endogenous amino acid pools. Density labeling with D20 was a novel approach to the problem and had never been tried previously with N. crassa to our knowledge. The technique of density labeling followed by isopycnic equilibrium centrifugation was originally utilized with Escherwchia coli and subsequently applied to studies of protein synthesis in germinating seeds (15) (16) (17) . Studies of this type using catabolic dehydroquinase proved quite definitive because this high-molecularweight enzyme gave a sharp activity peak after centrifugation. Because catabolic dehydroquinase is a homopolymer, mycelial growth in H20 and D20 prior to induction was necessary in order to prove that little or no synthesis of subunits was occurring under noninducing conditions. No major shift in density was observed for the native enzyme when cultures were grown in either H20 or D20, followed by induction in H20, which demonstrates unequivocally that the enzyme is synthesized de novo during induction. The labeling pattern found with quinate dehydrogenase also confirmed'the hypothesis of de now synthesis. Because this enzyme is a monomer, any synthesis prior to induction would have generated two different species of quinate dehydrogenase with respect to density following a density shift during induction. The single broad symmetrical peaks observed were indicative of de novo enzyme synthesis.
This demonstration that two of the qa enzymes are synthesized de novo only after induction with quinic acid establishes a critical point with regard to the regulation of these enzymes. It demonstrates unequivocally that the regulatory mechanism operates at either the level of transcription or translation and not at the level of simple enzyme activation. It lends further support to the hypothesis that the qa-1 gene product is a positive regulatory protein that binds the inducer quinic acid and then activates the transcription of the qa structural genes.
It is desirable to isolate the qa-1 gene product, the specific qa mRNA(s), and the DNA fragment carrying the qa gene cluster (13) . Such studies should be greatly facilitated by the very recent demonstration that the product of the qa-2 genecatabolic dehydroquinase-can be expressed when this gene is present on an E. coli plasmid (20) . This result should ultimately permit the isolation and characterization of the DNA sequence for the entire qa cluster and thus lead to an elucidation of the molecular mechanisms involved in regulating the synthesis of the qa enzymes.
